ABSTRACT: The electrocatalytic CO 2 reduction reaction (eCO 2 RR) has been gaining increasing attention owing to its potential to contribute to sustainability in our society, although enhanced catalytic performance is a prerequisite for its implementation. Herein, Cu electrocatalysts modified with sulfur proved to selectively produce formate via aqueous eCO 2 RR and thus to unexpectedly prevent the mechanistic fingerprint of Cu (i.e., the CO path). Initially, sulfur-modified copper catalysts (Cu−S) were prepared by the in situ reductive reconstruction of nano CuS precursors, revealing a positive correlation between particle size and selectivity toward formate. Subsequent studies over targeted submicron Cu−S particles with varying sulfur content demonstrated their evolution under reaction conditions, attaining a similar surface state comprising metallic Cu and sulfide phases, irrespective of the initial structure of the materials. In accordance, the initial sulfur content showed only a very limited influence on the catalytic performance, which remained at approximately 80% Faradaic efficiency toward formate at −0.8 V vs RHE, outperforming all cost-effective, earth-abundant, and nontoxic electrocatalysts reported to date for the production of formate via the aqueous eCO 2 RR.
INTRODUCTION
The conversion of H 2 O and CO 2 into fuels and value-added compounds in combination with renewable energy sources may effectively contribute to establishing a more sustainable circulation of energy and materials. 1, 2 In this context, the electrocatalytic CO 2 reduction reaction (eCO 2 RR) has been attracting increasing attention, owing to its potential contribution to closing the carbon cycle. 3−6 Since the pioneering works of Hori and co-workers, 3, 7, 8 a number of materials have been examined as catalysts for the eCO 2 RR in aqueous media. 6 Among the eCO 2 RR-active metal electrodes, gold and silver are known for their comparatively high activity toward CO, 8 whereas palladium and some p-block elements, such as tin and indium, direct the reaction toward the production of formate. 8 Copper electrodes are unique due to the production of highly reduced compounds, such as hydrocarbons and alcohols, in appreciable amounts at high overpotentials. 8 On the basis of density functional theory (DFT) calculations, Nørskov and co-workers 9, 10 identified a linear correlation between the binding energies of reaction intermediates on transition-metal surfaces, which dictates their electrocatalytic activity toward the eCO 2 RR. 10 In this framework, the exceptional behavior of Cu in this reaction was rationalized by the mild adsorption energy of CO, which is a key reaction intermediate. 10 Nevertheless, pristine Cu electrodes show impractical overpotentials for the eCO 2 RR and appreciable activity for the competing hydrogen evolution reaction (HER), 8, 11, 12 leading to poor selectivity. However, the aforementioned scaling relationship naturally constrains any performance optimization associated with simply tuning the electronic structure of the d-metal electrocatalysts. As a consequence, nonconventional approaches to break the scaling relationship are urgently required.
In this context, Kanan et al. 13 reported in 2012 that a Cu electrode derived from its oxide (oxide-derived copper; ODCu) exhibited improved performance toward CO and HCOO − at low overpotentials. The origin of such improvements is still under debate; claims on the active role of grain boundaries formed upon the reduction of copper oxide 13, 14 contrast with persistent interstitial oxygen on the subsurface of OD-Cu positively modulating the electronic structure. 15, 16 This finding opened up a new research direction targeting Cu-based materials modified with elements other than transition metals. In this respect, a successful modification of Cu with In 17, 18 or Sn 19 was reported by Takanabe and co-workers, as reflected by Faradaic efficiencies (FEs) for CO greater than 90% at relatively small overpotentials (∼400 mV). Later on, rationalization shed light on the complexity inherent to those systems. 20, 21 p-Block modifiers are thought to participate in the formation of bonds on the surface according to theoretical studies, hence circumventing the scaling relationships. 22 Overall, these studies point to the potential of p-block elements as modifiers to tune the catalytic properties of Cu toward different eCO 2 RR products.
From this standpoint, sulfur is an attractive candidate as a modifier due to its chemical similarities with oxygen. Herein, we describe the selective formation of formate over particulate sulfur-modified Cu (Cu−S) electrocatalysts prepared from sulfide precursors upon reductive reconstruction. The study of the influence of the particle size and sulfur content on the catalytic response unveiled a size−activity relationship correlating larger particle sizes with higher FEs to formate. Detailed characterization allowed us to gain insights on the catalytic role of sulfur, distribution, and chemical nature. In view of these results and the high practical relevance of formate as additive 23, 24 and potential hydrogen carrier, 25−27 and its predicted leading role in breaking the barrier for eCO 2 RR implementation, 28 we developed a targeted preparation route toward practical systems comprising submicron-sized Cu−S that indeed exhibited enhanced performance (>80% FEs at −0.8 V vs reversible hydrogen electrode; RHE), outperforming reported earth-abundant and cost-effective materials for formate production via the aqueous eCO 2 ) at 298 K for 1 h. Equimolar amounts (0.05, 0.2, 0.5, and 2.0 mmol) of thiourea and copper nitrate were employed for preparing four different samples, denoted as CuS-1, -2, -3, and -4, respectively, while the amount of carbon black was varied to target a CuS loading of 5 wt % in each catalyst. The mixture was then heated to 363 K under vigorous stirring, kept at this temperature for 1 h, and then allowed to naturally cool to room temperature. The resulting mixture was washed with ultrapure water three times by centrifugation (6000 rpm, 10 min), and the obtained powders were dried under vacuum overnight at 353 K. Further details on the synthesis are provided in the Supporting Information (SI).
Unsupported bulk copper sulfide was prepared by a solvothermal route adopted from Wu et al. 21, 29 Briefly, 4 mmol of Cu(NO 3 )·3H 2 O and elemental sulfur (Sigma-Aldrich, > 95%) were mixed in 40 cm 3 of ethylene glycol (SigmaAldrich, 99%) at room temperature for >30 min. We carried out syntheses with different amounts of sulfur (0.016, 0.037, 0.066, 0.14, 0.63, and 6.5 mmol) to tune the sulfur content of the resulting materials. The mixture was then transferred into a 50 cm 3 Teflon-lined autoclave, and heat treated at 413 K for 12 h. The obtained mixture was washed and dried as described. , resulting in a pH of 6.7. A Pt wire and a Ag/AgCl (3.0 M KCl) were used as the counter and reference electrode, respectively. The working electrodes had a geometric area of ca. 1 cm 2 , which was accurately quantified for each electrode with the ImageJ image processing and analysis software (Wayne Rasband, National Institutes of Health). All measurements were performed employing an Autolab PGSTAT302N potentiostat at room temperature. Current densities were normalized by the geometric surface area; and potentials were iR corrected (impedance spectroscopy, 100 kHz, 10 mV amplitude), and referenced to the reversible hydrogen electrode (RHE).
The double layer capacitance was measured by cyclic voltammograms (CV) in the potential range of open circuit potential ±15 mV at varying scan rates (2, 5, 10, 15 , and 20 mV s
−1
). The eCO 2 RR performance was investigated by chronoamperometry (CA) for 1.5 h. Typically, the measurements were repeated several times. Averaged values are reported in this study. Gaseous products were analyzed using an online gas chromatograph (GC; SRI 8610C, Multi-Gas #3 configuration) with Ar as a carrier gas at a head pressure of 2.3 bar. Gas samples were injected and analyzed 10 min after the start of the electrolysis and thereafter every 15 min. The GC was equipped with a HayeSep D column and a Molecular Sieve 13X column. Liquid products were examined with a highperformance liquid chromatograph in a Merck LaChrom system equipped with a Bio-Rad Aminex HPX-87H column heated at 333 K and a refractive index detector (Hitachi Chromaster 5450), using 5 mM H 2 SO 4 as eluent.
2.4. Catalyst Characterization. X-ray diffraction (XRD) patterns were obtained using a PANalytical X'Pert PRO-MPD diffractometer with Bragg−Brentano geometry using Nifiltered Cu Kα radiation (λ = 0.1541 nm). The instrument was operated at 40 mA and 45 kV, and the patterns were recorded in the 10−70°2θ range with an angular step size of 0.05°and a counting time of 180 s per step. The content of elements in the samples was quantified by X-ray fluorescence (XRF) spectroscopy using an Orbis Micro-XRF analyzer equipped with a 35 kV Rh anode and a silicon detector. The loading of copper in the supported catalyst was analyzed by inductively coupled plasma optical emission spectrometry (ICP-OES) using a Horiba Ultima 2 instrument. X-ray photoelectron spectroscopy (XPS) analysis was carried out with a PHI Quantum 2000 spectrometer (Physical Electronics) equipped with a 180°spherical capacitor energy analyzer, at a
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Research Article base pressure of 5 × 10 −7 Pa using monochromatic Al Kα radiation (1486.68 eV). The binding energy scale was calibrated with the C 1s signal at 284.8 eV. Scanning electron microscopy (SEM) and backscattered electron (BSE) micrographs and energy dispersive X-ray (EDX) spectroscopy maps were acquired in a FEI Quanta 200F instrument. Powdered samples were dispersed in dry form onto fresh carbon paint deposited on an aluminum holder. In addition, scanning transmission electron microscopy (STEM) investigations combined with EDX mappings were performed in a FEI Talos F200X (high-brightness gun (XFEG)) at an accelerating voltage of 200 kV. STEM images (1024 × 1024 pixels) were recorded with a high-angle annular dark field (HAADF) detector at a frame rate of ca. 15 s. The selected imaging conditions give rise to atomic number (Z) contrast. Four silicon drift detectors attached to the Talos F200X microscope allowed for recording EDX maps with high signal/noise (S/N) ratio (measuring time: ca. 10 min) using the program Esprit 1.9 (Bruker).
RESULTS AND DISCUSSION
3.1. Nanosized CuS/C. Based on the potential similarities between the oxygen and sulfur modification of Cu-based eCO 2 RR catalysts, we adopted a safe and potentially scalable approach (i.e., avoiding high-temperature treatments with H 2 S) for the preparation of sulfur-modified Cu electrocatalysts in a practical form. To this end, size-controlled copper sulfide catalysts loaded on a carbon support (Vulcan XC-72) were prepared by a wet chemistry route. The XRD analysis ( Figure  1a ) of the catalysts showed diffraction peaks compatible with stoichiometric CuS (except for one peak at 47°2θ ascribable to Cu 1.8 S), while such clear peaks were less defined for CuS-1 presumably due to its smaller size (vide infra), confirming the successful preparation of CuS. Additionally, STEM observations disclosed their nanometric nature. Figure 1b ,c show representative STEM images (material shown: CuS-3, see SI Figure S1 for the other materials) exhibiting dispersed nanometer-sized particles on carbon black. An effective control of the particle size was achieved by varying the concentration of the copper and sulfur precursors in the synthesis protocol (SI Figure S2) , as evidenced by a recognizable increase of the mean particle size in different samples ( Table 1 ). The surface state of the CuS/C catalysts was evaluated by XPS analysis of the corresponding electrodes. Spectra for CuS-1 and CuS-4 are presented in Figure 2 and in SI Figure S3 . In the S 2p region (Figure 2a) , the broad peak observed at 162.5 eV in both CuS-1 and CuS-4 is ascribable to any of the copper sulfide phases (i.e., Cu 2 S or CuS). 30 In addition, the signal at higher binding energies can be assigned to sulfur species in Nafion (used as binder in the catalyst ink) as well as to sulfate species presumably formed by the oxidation of sulfides upon exposure to air. 31 In the Cu 2p region (Figure 2b ), both samples exhibited a sharp peak centered at ca. 932 eV, which likely originated from contributions from two distinct Cu species: one from Cu + in Cu 2 O (932.5 eV) accounting for more than half of the total area (ca. 55%, see spectral fitting in SI Figure  S3 ), and the other at a lower binding energy (ca. 932 eV) ascribable to copper sulfides, 30 consistent with the S 2p spectra. There was no apparent contribution originating from CuO. To better elucidate the Cu state in the samples, the Auger emission (AE) spectra in the Cu LMM region were also analyzed ( Figure 2c ). Both CuS-1 and CuS-4 exhibited a signal centered at 917.5 eV, which indicates the presence of both Cu + (in Cu 2 O and/or Cu 2 S at 917 eV) and Cu 2+ (in CuS at 918 eV) with a relatively similar composition. 30 Taken together, these observations suggest the formation of nanometrically shaped copper sulfide phase CuS, although the presence of metallic/oxidic Cu decorating the surface is plausible.
The catalytic performance of the CuS/C for the eCO 2 RR was assessed by 1.5 h electrolyses in CO 2 -saturated 0.1 M KHCO 3 (pH 6.7) at −0.6 and −0.8 V vs RHE (Figure 3 ). Carbon black (Vulcan XC-72) was chosen as the conductive support due to its almost inert catalytic nature (SI Figure S4) . Remarkably, formate was observed as the main eCO 2 RR product over all CuS/C catalysts, with only trace amounts of CO detected at −0.8 V vs RHE. Moreover, the FE to formate (FE HCOO − ) as well as the current density increased almost monotonically from CuS-1 to CuS-4 at both potentials, accompanying the increase of the particle size.
Notably, CuS is not thermodynamically stable under the eCO 2 RR conditions. Pourbaix diagrams 32 (SI Figure S5 ) clearly dictate an equilibrium potential for the CuS/Cu redox pair more positive than the applied working potentials (ca. −0.3 V compared to < −0.6 V vs RHE). Indeed, redox peaks ascribable to CuS/Cu were visible in the CVs prior to the reaction (SI Figure S6) , confirming the reduction of CuS during the eCO 2 RR. The reductive loss of CuS was also 
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Research Article evidenced by XPS analysis. The spectra in the S 2p region (Figure 2a ) revealed a considerable decrease of the relative area of the CuS peak (162.5 eV), which implies that most CuS phases present in the fresh sample were lost during eCO 2 RR. Nevertheless, spectroscopic fingerprints compatible with sulfide phases remain detectable after the reaction, in marked contrast to OD-Cu, in which the Cu 2 O phase is undetectable upon eCO 2 RR. 13 In tandem, the Cu 2p region did not exhibit considerable changes (Figure 2b) , presumably due to the almost identical binding energy for Cu 2 O and copper sulfide. The presence of Cu 2 O could be accounted for by the exposure of the samples to air. 21 Furthermore, the redox process was accompanied by a drastic structural reconstruction. Figure 4 presents the particle size distributions of the fresh and used samples. CuS-1 (initial size of 15 ± 7 nm) evolved toward an average particle size of ca. 3 nm after the electrochemical test. Similarly, the particle size of CuS-4 (ca. 42 nm) decreased to ca. 5 nm; nevertheless, relatively large particles (i.e., > 20 nm) persisted. Overall, these observations illuminated the drastic and presumably fast reductive reconstruction underwent by CuS-X materials upon exposure to the eCO 2 RR operation conditions. The detected presence of a potentially persistent sulfide phase on the surface after prolonged operation and the plausible size-performance correlation observed uniquely shape this system and call for further fundamental studies and optimization strategies.
3.2. Solvothermally Prepared Cu−S Catalysts. Since the evaluation of the supported catalysts implied a positive correlation between the activity and selectivity for formate and the particle size, bulk S-modified materials were prepared with the aim of verifying this hypothesis and further improving the electrocatalytic performance toward formate while maintaining a powder form that can be readily applied to a practical electrode. 21, 29 The sulfur content of the catalysts, expressed as the relative atomic ratio of sulfur S/(S + Cu), was tuned by varying the amount of the sulfur precursor in the solvothermal synthesis ( Table 2 ). The size, morphology, and surface structure of the prepared samples were first studied by microscopy ( Figure 5 ; also SI Figure S7 ) for representative samples with sulfur contents of 0.45 at% and 58.9 at%, denoted as L−S and H−S, respectively. SEM images disclosed a submicron-scale geometry, revealing that bulk materials were successfully obtained, whereas the corresponding EDX elemental maps exhibited 0.6 at% of sulfur in the L−S sample and 68.5 at% of homogeneously distributed sulfur in the H−S sample. SAED allowed phase identification by exposing diffraction rings indicative of polycrystalline Cu 2 O in L−S and of CuS in H−S. Further insights on the bulk crystalline structure of the samples were elucidated by XRD analysis. The diffraction patterns shown in Figure 6a revealed that, below a 
Research Article sulfur content of 1.8 at%, Cu 2 O was the main phase together with metallic Cu in the bulk structure. Associated with the increase of the sulfur content (13.3 at%), diffraction peaks from CuS were apparent in addition to the Cu 2 O and Cu phases, and finally only peaks from CuS were observed at the highest sulfur content, thus coinciding with the surface crystal structure.
The surface chemical state of the materials was examined by XPS analysis (Figure 6 , see SI for the details of the assignment of the spectra). In the S 2p region (Figure 6b) , the spectroscopic evidence of sulfides was apparent in the H−S as reflected by the broad peak at ca. 162 eV, which could only be deconvoluted assuming contributions from both CuS and Cu 2 S, 31 while the spectrum recorded from L−S essentially matched that of a sulfur-free sample. The XPS spectrum in the Cu 2p region and the Cu LMM Auger emission spectrum (Figure 6c and 6d, respectively; also see SI Figure S8 ) confirmed CuS as the major phase in the H−S sample, while the spectra from L−S and the sulfur-free samples were consistent with Cu 2 O surfaces. Taken together, these results unequivocally associated low concentrations of the precursor with a S-modified copper oxide, whereas above a certain concentration threshold the formation of sulfide phases in the bulk was favored. Figure 7 summarizes the eCO 2 RR performance of the solvothermally prepared S-modified catalysts in CO 2 reduction electrolyses (1.5 h) at −0.6 V vs RHE (see also SI Figure S9 for the raw chronoamperometric profile). Trace amounts of incorporated sulfur (i.e., 0.007 at%) did not suppress the preference for the HER observed over the unmodified catalyst (i.e., FE H 2 of ca. 70%) although a suppression of CO and a favoring of formate as the main eCO 2 RR product were already evidenced. In contrast, larger sulfur contents triggered a high selectivity toward formate (i.e., FE HCOO − higher than ca. 45%) and a current density of approximately 2.5 mA cm −2 which were practically independent of the sulfur content. It is interesting to note that the eCO 2 RR performance observed over the (submicron-sized) solvothermally prepared Cu−S catalysts at −0.6 V was superior to that of the supported nanosized samples (i.e., FE HCOO − of ca. 50% vs less than 40%), which supports our hypothesis regarding the existence of a particle size effect in this class of Cu−S electrocatalysts.
After the electrochemical test, a surface roughening of the particles was apparent (Figure 5 ), consistent with the reconstruction observed on the nanosized Cu−S. Remarkably, both the L−S and H−S samples exhibited similar contents of sulfur following the electrolysis within the precision available to SEM-EDX quantification (i.e., 0.6 at% and 1.4 at%, respectively) in spite of the very large initial difference. This change was also evidenced by the disappearance of the characteristic features of the CuS/Cu redox couple in the CVs of the used samples (SI Figure S10) . The SAED patterns in Figure 5e showed that the surface structure of both used samples comprised polycrystalline Cu 2 O, which was presumably generated via the oxidation of metallic Cu that was formed under the cathodic conditions of eCO 2 RR upon the exposure to air. 21 Interestingly, the presence of sulfides in both H−S and L−S samples after the electrolysis become highly plausible after XPS analysis (Figure 6b ), although the high noise-tosignal ratio prevented reliable deconvolution in the latter case. Compared with the fresh material, the corresponding peak in H−S was shifted toward lower binding energies after the reaction, likely indicating the transformation of CuS into Cu 2 S. 30 The corresponding analyses around Cu excitations (Figure 6c,d ; also see SI Figure S8 ) showed Cu + as the predominant phase in both cases. Since the oxide phase was most likely formed upon the exposure of the sample to air, 21 these observations indicate that the cathodic environment of eCO 2 RR induces the loss of excess sulfur in the catalysts and that the S-modified materials, irrespective of the initial sulfur content, attain a similar surface state under the eCO 2 RR conditions, plausibly comprising Cu 2 S and Cu as coexisting phases. Such a mechanism would explain the negligible impact of the initial sulfur content in the measured eCO 2 RR performance of the catalysts. However, the observed preference for HER when only trace amounts of the modifier are present suggests that there is a minimum required amount of sulfur to develop this catalytically advantageous surface configuration. The Cu−S catalysts exclusively produce formate as has been described, which is in marked contrast with pristine Cu, which yields various products including formate, CO, hydrocarbons, and alcohols via eCO 2 RR. 4, 6, 8, 11 A plausible reaction mechanism over the pristine Cu surface was previously proposed on the basis of DFT calculations by Nørskov and co-workers: 9,10 CO 2 is first reduced into either *COOH or *OCHO intermediate species via one electron and proton transfer. Further reduction of *COOH generates *CO, which can either desorb as CO or experience successive reduction events leading to hydrocarbons and/or alcohols (CO path). On the other hand, *OCHO can be converted only into HCOO − upon further reduction (HCOO − path), which occurs in parallel to the CO path. Such a picture is well in line with the experimental studies, 4,33−35 and a recent report suggested its possible applicability to other metal surfaces. 12, 36 Taking into consideration this reaction mechanism, the exclusive production of formate observed over the herein disclosed Cu−S electrocatalysts indicates that the modification of Cu with sulfur alters the energy levels of the corresponding key intermediate species (i.e., *COOH and *OCHO) and/or CO, leading to partial or complete deactivation of the CO path. Such a picture might be rationalized in a scenario where the binding energy of *OCHO over the Cu−S may be strengthened relative to the pristine Cu by the presence of positively charged Cu species, which would be stabilized by adjacent negatively charged sulfur, and thus binding CO 2 favorably through the relatively electronegative oxygen. In parallel, this surface configuration is expected to disfavor adsorption of CO 2 through the mildly electropositive carbon atomas in the case of the *COOH intermediatehence accounting for the absence of products associated with the CO path. Nonetheless, we anticipate that further elucidation of the intriguing reaction mechanism over the Cu−S electrocatalysts will require a combination of computational and spectroscopic studies guided by herein observed results.
On the basis of these findings, we further studied the eCO 2 RR performance of the L−S sample as a representative case of Cu−S catalysts. Figure 8a shows the effect on the FE HCOO − of increasing the overpotential up to −0.9 V vs RHE, 
Research Article at which the selectivity to formate drops due to the appearance of other eCO 2 RR products. XPS analysis of the post reaction samples (SI Figure S11 ) disclosed the decrease in the relative intensity of the sulfide phase at more cathodic potentials, coinciding with the observed decrease of the FE toward formate. For the sake of comparison, the herein reported performance over Cu−S is plotted alongside other electrocatalysts that favor the production of formate (Figure 8b ). For the production of formate, typical overpotentials (η) of at least 0.8 V are required to reach a FE higher than 80% using catalysts based on p-block elements, whereas the distinctive performance of Cu-based materials is centered at around 40% FE at η > 1.1 V. We note that outstanding values (FE > 80% and η < 0.40 V) are currently associated with cost-ineffective systems, such as atomically controlled structures, 37 precious metals, 38 or enzymes. 39 Further efforts have attempted to bring precious metal-based catalysts closer to practical requirements, for example, by improving their mass-activity by increasing their dispersion, 40, 41 which is a key prerequisite 42 in these systems toward their implementation for the eCO 2 RR. In contrast, the initially optimized Cu−S in this study achieved a Faradaic efficiency of 80% at an overpotential of 0.76 V, which locates it at the top of earth-abundant, cost-effective, and nontoxic electrocatalysts reported to date via aqueous eCO 2 RR. In regard to stability, we note that the Cu−S catalyst sustained its exclusive formate production over 12 h of electrolysis at −0.8 V vs RHE, where a slight decrease in the average FE HCOO − of ca. 5% was observed (SI Figure S12a) . Interestingly, the surface state did not change appreciably. The post reaction XPS analysis unveiled that the sulfide phase remained even after the long electrolysis (SI Figure S12b) , indicating that the surface state comprising Cu 2 S and Cu generated upon the initial rapid reconstruction event is stable within a range of potentials. Theoretical studies support the enhanced stability of Cu 2 S on Cu with respect to its bulk state induced by the intergranular precipitation of Cu 2 S in the Cu phase. 43 In this respect, the absence of any SAED patterns originating from such sulfide phases after the eCO 2 RR test ( Figure 5 ) suggests the presence of small quantity of Cu 2 S and/or its amorphous nature, which hampers unambiguous elucidation of the active phase at this stage and calls for further investigation. All in all, this study demonstrated the selective production of formate via aqueous eCO 2 RR over sulfurmodified Cu electrocatalysts, adding an advantageous candidate to Cu-based electrocatalysts for this reaction. 17−22,44−47 4. CONCLUSIONS Copper-based electrocatalysts modified with sulfur were studied for CO 2 reduction in aqueous media. Size-controlled carbon-supported nanometric CuS catalysts were successfully synthesized by a wet chemistry approach. These catalysts selectively produced formate with only trace amounts of CO at moderate overpotential (e.g., FE HCOO − > 60% at −0.8 V vs RHE). A rapid and drastic reconstruction toward smaller particles, provoked by the reduction of the CuS phases, took place on the CuS particles under operation conditions, thus leading to the formation of sulfur-modified Cu as the material accounting for the observed electrocatalytic activity. The selectivity to formate was positively correlated with increasing initial particle sizes, which, in turn, favored the survival of larger particles (e.g., > 20 nm) during the in situ reconstruction. A detectable amount of sulfur remained in the Cu matrix upon reaction in all cases. Bearing in mind the plausible size−activity relationship, submicron-sized Cu−S catalysts were prepared via a solvothermal route that allowed the variation of the sulfur content. With increasing sulfur content, both the bulk and surface structure of the solvothermally prepared catalysts evolved from Cu 2 O to CuS. Nevertheless, the reaction rate and FE HCOO − were found to be mostly insensitive to the initial sulfur content above a certain trace level, which was accounted for by the fact that the catalysts attained a similar surface configuration under the cathodic reaction conditions of the eCO 2 RR. The solvothermally prepared electrocatalysts exhibited improved FEs to formate (ca. 80% at −0.8 V vs RHE) compared with the nanometric CuS materials, and they sustained their high selectivity over 12 h. Overall, these findings open up new perspectives for Cu-based materials in the eCO 2 RR and provide a solid understanding of the basic characteristics shaping the behavior of Cu−-S catalysts, thus offering a valuable platform for gaining further fundamental insights leading to improved kinetics toward formate. At this stage, the developed Cu−S sits at the top of reported performance for practical, cost-effective, and earth-abundant catalysts toward the electrocatalytic production of formate via aqueous eCO 2 RR.
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